Chronic cadmium (Cd 2ϩ ) exposure results in renal proximal tubular cell damage. Delivery of Cd 2ϩ to the kidney occurs mainly as complexes with metallothionein-1 (molecular mass ϳ 7 kDa), freely filtered at the glomerulus. For Cd 2ϩ to gain access to the proximal tubule cells, these complexes are thought to be internalized via receptors for small protein ligands, such as megalin and cubilin, followed by release of Cd 2ϩ from metallothionein-1 in endosomal/lysosomal compartments. To investigate the role of megalin in renal cadmiummetallothionein-1 reabsorption, megalin expression and dependence of cadmium-metallothionein-1 internalization and cytotoxicity on megalin were studied in a renal proximal tubular cell model (WKPT-0293 Cl.2 cells). Expression of megalin was detected by reverse transcriptase-polymerase chain reaction and visualized by immunofluorescence both at the cell surface (live staining) and intracellularly (permeabilized cells). Internalization of Alexa Fluor 488-coupled metallothionein-1 was concentration-dependent, saturating at approximately 15 M. At 14.3 M, metallothionein-1 uptake could be significantly attenuated by 30.9 Ϯ 6.6% (n ϭ 4) by 1 M of the receptorassociated protein (RAP) used as a competitive inhibitor of cadmium-metallothionein-1 binding to megalin and cubilin. Consistently, cytotoxicity of a 24-h treatment with 7.14 M cadmium-metallothionein-1 was significantly reduced by 41.0 Ϯ 7.6%, 61.6 Ϯ 3.4%, and 26.2 Ϯ 1.8% (n ϭ 4 -5 each) by the presence of 1 M RAP, 400 g/ml anti-megalin antibody, or 5 M of the cubilin-specific ligand, apo-transferrin, respectively. Cubilin expression in proximal tubule cells was also confirmed at the mRNA and protein level. The data indicate that renal proximal tubular cadmium-metallothionein-1 uptake and cell death are mediated at least in part by megalin.
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Cadmium (Cd 2ϩ ) is causing increasing concern as an industrial and environmental toxicant (Friberg et al., 1986) . Following pulmonary or gastrointestinal absorption, Cd 2ϩ enters the circulation, where it binds to proteins, such as albumin, with low affinity (Goumakos et al., 1991) . Cd 2ϩ is initially taken up by the liver, where it binds to amino acids or glutathione or to proteins, including the high-affinity metal-binding proteins metallothioneins. The latter are highly inducible and accumulate intracellularly in response to various stimulants, including Cd 2ϩ (Klaassen et al., 1999) . Both metallothionein-1 and -2 are expressed in epithelial cells and are distinguished by their high metal content (Coyle et al., 2002) . Metallothioneins contain 20 cysteines that provide the basis for high-affinity binding of many transition metals. Hence, Cd 2ϩ is either secreted into the bile as cadmium-glutathione or released into the circulation as the cadmium-metallothionein complex (Cherian and Vostal, 1977; Dudley et al., 1985) .
Because of its molecular mass of ϳ7 kDa, any cadmiummetallothionein in the circulation is ultrafiltered by the kidney glomeruli and passes the renal tubules, where it is reabsorbed by the S1 segment of the proximal tubule. Therefore, this segment of the proximal tubule represents the primary target of Cd 2ϩ -induced nephrotoxicity (Friberg et al., 1986; Thévenod, 2003; Zalups and Ahmad, 2003) . Up to 7% of populations exposed to Cd 2ϩ develop renal dysfunction (Friberg et al., 1986) , which may be associated with a general transport defect of the proximal tubule that mimics the de Toni-Debré-Fanconi Syndrome (Bernard et al., 1979) with proteinuria, amino aciduria, glucosuria, and phosphaturia (for review, see Wedeen and De Broe, 1998) . Moreover, tubular apoptosis has also been described in vivo and in vitro (Liu et al., 1998; Thévenod and Friedmann, 1999) .
The uptake pathways for cadmium-metallothionein in proximal tubule cells and the cellular processes underlying Cd 2ϩ nephrotoxicity are poorly understood. It has been suggested that once taken up by endocytosis, Cd 2ϩ is freed from metallothionein and transported out of the endo-/lysosomes, where free Cd 2ϩ triggers apoptosis. However, in vivo as well as in vitro studies have yielded conflicting results as to the nephrotoxic and proapoptotic potency of cadmium-metallothionein (Hamada et al., 1996; Liu et al., 1998; Ishido et al., 1999; Klaassen et al., 1999) . Acute cadmium-metallothionein injection was found to induce apoptosis of rat kidney proximal tubule in some studies (Ishido et al., 1998) , but not in others (Liu et al., 1998) . Likewise, cadmium-metallothionein promoted apoptosis of human embryonic kidney 293 cells (Hamada et al., 1996) but had no effect on LLC-PK1 cells (Ishido et al., 1999) . We have shown previously that cadmium-metallothionein-1 uptake induces apoptosis of rat proximal tubule cells (Erfurt et al., 2003) . The inhibitor of acidic compartments, chloroquine, and the PI3-kinase blocker LY294002 prevented uptake of cadmium-metallothionein-1 and apoptosis (Erfurt et al., 2003) . Moreover, cadmium-metallothionein-1 was found to colocalize with the endo-/lysosomal markers rab5A and LAMP1, which indicates that cadmium-metallothionein-1 must traffic through the endo-/lysosomal pathway prior to Cd 2ϩ release into the cytosol and development of apoptosis (Erfurt et al., 2003) . Recently, we have demonstrated that the divalent metal transporter 1 (DMT1) (Gunshin et al., 1997) is expressed in the late endo-/lysosomal compartment, where it may contribute to transport of free metal ions, such as Fe 2ϩ or Cd 2ϩ , out of these acidic compartments (Abouhamed et al., 2006 ). Yet, the initial processes mediating cadmium-metallothionein-1 uptake at the brush-border membrane of proximal tubule cells remain unclear.
Two multiligand endocytic receptors, megalin and cubilin, are highly expressed in the early parts of the endocytic pathway of the renal proximal tubule, where they are responsible for tubular clearance of filtered proteins. The two receptors are coexpressed along the endocytic and recycling pathway and act in concert in the uptake of ligands (Christensen and Birn, 2001) . Following binding to these receptors at the apical membrane, ligands are internalized into coated vesicles and delivered to early and late endosomes. Whereas the receptors are recycled to the apical membrane, the ligands are transferred to lysosomes for protein degradation. Previous studies have suggested that megalin partly mediates the uptake of heavy metal-metallothionein complexes; in rats, proximal tubule uptake of cadmium-metallothionein and ␤2-microglobulin is mutually inhibitory (Bernard et al., 1987) , which, together with the observation that megalin is a receptor for ␤2-microglobulin in renal proximal tubule cells (Orlando et al., 1998) , suggested that megalin is implicated in metallothionein uptake. This was corroborated by studies demonstrating binding of metallothionein to megalin (Klassen et al., 2004) .
Thus, the present study aimed to determine the role of megalin for metallothionein-1 internalization and for cytotoxicity of cadmium-metallothionein-1 in cultured rat proximal tubule cells.
Materials and Methods

Materials
Metallothionein type 1 from rabbit liver and human serum apotransferrin were obtained from Sigma (St. Louis, MO). Alexa Fluor 488 carboxylic acid succinimidyl ester was from Molecular Probes Europe BV (Leiden, The Netherlands). Slide-A-Lyzer Dialysis products were from Pierce Chemical Company (Rockford, IL). Rat recombinant receptor-associated protein (RAP) was from PROGEN Biotechnik GmbH (Heidelberg, Germany).
Antibodies
Polyclonal sheep anti-rat megalin antiserum and polyclonal rabbit anti-rat cubilin antiserum were obtained as described previously (Moestrup et al., 1993; Le Panse et al., 1997) . Anti-rat megalin antiserum was diluted 1:4000 for permeabilized cells and 1:2000 (22°C) or 1:500 (4°C) for surface labeling. For surface labeling of cubilin, anti-rat cubilin antiserum was diluted 1:50 (for both 22 and 4°C) and for immunoblotting, 1:1000. The anti-angiotensin receptor subtype 1 antibody (Santa Cruz Biotechnology Inc., Heidelberg, Germany), used as a positive control, was diluted 1:50. Alexa Fluor 488 (Molecular Probes Europe BV) and Cy3-conjugated antibodies (Jackson ImmunoResearch Laboratories Inc., Cambridgeshire, UK) were diluted 1:500 and 1:600, respectively. The horseradish peroxidaseconjugated donkey anti-rabbit immunoglobulin was diluted 1:10,000 (GE Healthcare, Little Chalfont, Buckinghamshire, UK).
Cell Culture
An immortalized cell line from the S1 segment of rat proximal tubule (WKPT-0293 Cl.2) was cultured as described previously (Thévenod et al., 2000; Lee et al., 2005) . Cells were passaged (passage number Ͻ60) twice a week upon reaching confluence.
Megalin and Cubilin Expression in WKPT-0293 Cl.2 Cells
Reverse Transcriptase-Polymerase Chain Reaction. Total RNA was extracted from trypsinized WKPT-0293 Cl.2 cells using the RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany) with OnColumn DNase digestion as per the manufacturer's instructions. First strand cDNA was synthesized with the Omniscript RT kit (QIAGEN), using 0.5 g of RNA per reaction and oligo(dT) primer.
Megalin was detected in WKPT-0293 Cl.2-cDNA by nested PCR using the HotStarTaq Master Mix kit as per the manufacturer's instructions, with 8 vol% RT reaction in the first nest, and 10 vol% first nest reaction in the second nest. After the initial activation step at 95°C for 15 min, PCR was performed for 30 cycles of the following amplification parameters: 94°C for 45 s, 60°C for 45 s, and 72°C for 1 min, followed by a final extension period of 10 min at 72°C, for the first nest. For the second nest, cycling conditions were the same except for annealing at 56°C. The following primers (obtained from Operon Biotechnologies, Huntsville, AL) were used.
The outer primer pair (first nest) was designed with the FastPCR program version 3.6 (University of Helsinki, Institute of Biotechnology, Helsinki, Finland) based on the GenBank sequence of rat megalin (accession no. L34049): 347f, 5Ј TGCTGAGGGGACCTGCATCC 3Ј; and 803r, 5Ј GAACTGGTGACCTCCGCAGG 3Ј. The inner primer pair (second nest) was selected according to van Praet et al. (2003) : 377f, 5Ј GGTGTGTGACGAGGATAAGG 3Ј; and 777r, 5Ј AGTTG-CAATTGCGCTCATCG 3Ј.
Selected primer pairs were spanning several exons allowing for discrimination between amplificates from cDNA and genomic DNA. Control reactions for each primer pair were also performed with the transcription control reaction without reverse transcriptase, and with water instead of cDNA template. PCR products were extracted from agarose gels using the QIAquick PCR Purification Kit (QIA-
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For detection of cubilin in WKPT-0293 Cl.2-cDNA, PCR was carried out with HotStar master mix with 2 vol% RT reaction using the following primers based on the GenBank sequence of rat cubilin (accession no. NM_053332.2): 1535f, 5Ј TGCATGTCACCTTCAC-GTTT 3Ј; and 1740r, 5Ј TGTAAAGCCTCTCCCACTCC 3Ј. Thermal cycling was as follows: one cycle of initial HotStar polymerase activation at 95°C for 15 min, then 35 cycles at 94°C for 30 s, 61°C for 30 s, and 72°C for 45 s, followed by a final extension period of 7 min at 72°C.
Immunoblotting. To obtain homogenate from WKPT-0293 Cl.2 cells, confluent monolayers were scraped with a rubber policeman, washed in homogenization buffer as described above, and sonicated on ice for 3 ϫ 5 s at 10 A. Aliquots of homogenate containing 50 g of protein were mixed with nonreducing Laemmli buffer and incubated for 30 min at 37°C before being subjected to 5% SDS-polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride membranes overnight at 4°C. Blots were blocked with 3% nonfat dry milk and incubated overnight at 4°C with primary antirat cubilin antiserum (1:1000). Following incubation with horseradish peroxidase-conjugated secondary antibody (1:10,000) for 1 h at 4°C, blots were developed using Western Lighting Plus chemiluminescence reagents (Perkin Elmer Life Sciences, Boston, MA), and signals were visualized on X-ray film.
Immunofluorescence Labeling. In preliminary experiments, we noticed that fixation of cultured WKPT-0293 Cl.2 cells by a standard procedure (2-4% paraformaldehyde for 15-30 min) caused cellular permeabilization. Therefore, the surface labeling method was adapted from Gibson et al. (2005) . In principle, live cells grown on coverslips were incubated with primary and secondary antibodies before fixation with paraformaldehyde. Cells grown on coverslips were blocked with 1% bovine serum albumin in Ca 2ϩ /Mg 2ϩ -containing phosphate-buffered saline (PBS) for 60 min and then incubated with primary antibody diluted in blocking buffer for 30 min (22°C) or 90 min (4°C). They were then washed three times with PBS ϩ Ca 2ϩ /Mg 2ϩ and incubated with Alexa Fluor 488-or Cy3-conjugated secondary antibody, diluted also in blocking buffer, for 30 (22°C) or 90 (4°C) min. After three washes with PBS ϩ Ca 2ϩ /Mg 2ϩ , the cells were fixed with 2% paraformaldehyde in PBS for 30 min at 22°C. Coverslips were then washed three times in PBS and once briefly in distilled water before mounting them with 5 l of DAKO fluorescence mounting medium (Dako Cytomation, Carpinteria, CA) each. All incubations prior to fixation were carried out at either 22°C, or at 4°C to reduce internalization of primary antibodies, and yielded comparable results. The cells were viewed using filters for Cy3 (red) and FITC (green) with excitation/emission wavelengths of 545/610 and 480/535 nm, respectively, using a mercury short arc photo optic lamp HBO (103 W/2; OSRAM, Augsburg, Germany) as the light source, connected to a Zeiss Axiovert 200M microscope (Carl Zeiss, Jena, Germany) equipped with Fluar 20ϫ, 0.75 UV and Fluar 40ϫ, 1.3 oil immersion objectives. Images were captured using a digital Cool-SPAN ES CCD camera (Roper Scientific, Inc., Tucson, AZ) and acquired at fixed exposure times (1000 -1200 ms), processed, and analyzed semiquantitatively with MetaMorph software (Universal Imaging Corporation, Downingtown, PA).
For immunofluorescence labeling of permeabilized WKPT-0293 Cl.2 cells, cells were first fixed with 4% paraformaldehyde in PBS for 30 min, washed three times, permeabilized with 1% sodium dodecyl sulfate/PBS for 15 min, again washed three times, blocked with 1% bovine serum albumin in PBS for 60 min, washed three times in PBS, incubated with primary antibody overnight at 4°C and with secondary antibody for 1 h at 22°C (both antibodies in PBS containing 1% bovine serum albumin) washing three times in between. The cells were then mounted and imaged as before.
Fluorescence Measurement of Alexa Fluor 488-Conjugated Metallothionein-1 Uptake in WKPT-0293 Cl.2 Cells and Semiquantitative Analysis of Fluorescence Intensity
To obtain Alexa Fluor 488-conjugated metallothionein-1, we essentially followed the protocol described by Klassen et al. (2004) . In brief, Alexa Fluor 488 carboxylic acid succinimidyl ester was coupled to rabbit liver metallothionein-1 according to the manufacturer's instructions (Molecular Probes Europe BV). The conjugate was separated from unreacted labeling reagent by microdialysis using Slide-A-Lyzer dialysis cassettes (Pierce) with a molecular mass cut-off of 3.5 kDa. Cells (5 ϫ 10 4 ) were grown for 48 h in 35-mm dishes on glass coverslips. The cell culture medium was replaced by serum-free medium, and cells were incubated further with various concentrations of Alexa Fluor 488-conjugated metallothionein-1 for different time periods. All subsequent steps were performed at 22°C. Cells were rinsed three times for 7 min in PBS, fixed with 4% paraformaldehyde/PBS for 30 min, washed three times in PBS for 5 min, counterstained with H-33342 (1 g/ml), washed four times in PBS for 5 min, washed 5 min in H 2 O, and coverslips were mounted onto glass slides with DAKO fluorescence mounting medium. The cells were viewed using filters for FITC (green) and 4,6-diamidino-2-phenylindole (blue) with excitation/emission wavelengths of 480/535 and 360/ 460 nm, respectively, processed, and analyzed as described above. In some experiments, Alexa Fluor 488-conjugated metallothionein-1 uptake into WKPT-0293 Cl.2 cells was determined in the presence or absence of 1 M RAP, and in those experiments, 1 ϫ 10 4 cells were grown for 48 h in 35-mm dishes on glass coverslips. In the control experiments without RAP, an equal volume of the buffer, in which the protein had been dissolved, was added to the serum-free medium.
For quantitative determination of Alexa Fluor 488-conjugated metallothionein-1 uptake into WKPT-0293 Cl.2 cells, 300 to 500 cells in five to eight microscopic fields were analyzed for each experiment with the MetaMorph software. FITC images were used for analysis after autothreshold background subtraction. Mean fluorescence intensity per image was determined and divided by the cell number (by counting the nuclei in the respective 4,6-diamidino-2-phenylindole images) to obtain the mean fluorescence intensity/cell. The values obtained were corrected for endogenous cellular autofluorescence by subtracting the mean fluorescence intensity of control cells.
3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide Cell Viability Assay and Competitive Inhibition Experiments of Cadmium-Metallothionein-1 Binding to Megalin
WKPT-0293 Cl.2 cells were seeded at 3000 cells per well in 24-well plates. Forty-eight hours postseeding, the wells showing the most even growth were selected for further processing. The medium was aspirated and replaced with 200 l of serum-free culture medium with or without a saturating concentration of the megalin ligand RAP (1 M) (Orlando and Farquhar, 1994; Zhai et al., 2000) or with 400 g/ml IgG from anti-megalin (Moestrup et al., 1993; Zhai et al., 2000) or sheep control serum, protein-G-Sepharose-purified as described below. After a 15-min (RAP) or 30-min (anti-megalin; apotransferrin) preincubation at 37°C, 7.14 M metallothionein-1 or cadmium-metallothionein-1 (50 M Cd 2ϩ , 7.14 M metallothionein-1) were added to the medium, and the cells were incubated for another 24 h. Cadmium-reconstituted metallothionein-1 was prepared from metallothionein-1 exactly as described previously (Erfurt et al., 2003) . Cell viability was then assayed using the MTT test as described previously (Lee et al., 2005) . In brief, the cells were incubated for 3 h in serum-free medium without phenol red containing 1 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). The medium was then aspirated, and the formazan product dissolved in isopropanol and measured at 560 and 690 nm. Data are expressed as relative absorbance to the RAP-free or control IgG containing metallothionein-1 controls. 
Protein G-Sepharose Purification of IgG from AntiMegalin or Sheep Serum
For competition experiments, anti-megalin serum-or sheep control serum-was purified on protein G Sepharose (Zymed Laboratories, San Francisco, CA) columns as described by Invitrogen (Carlsbad, CA). In brief, serum was first delipidated by adding 1.5 volumes of 1,1,2-trichlorotrifluoro-ethane, shaking for 30 min at room temperature, and subsequent centrifugation for 10 min at 5000 rpm in a standard microcentrifuge. The aqueous layer was then loaded onto a protein G Sepharose column equilibrated with 10 bed volumes of binding buffer (10 mM sodium phosphate, pH 7.0). The column was then washed with binding buffer, until A 280 returned to baseline. Bound antibodies were then eluted with 0.1 M glycine-HCl, pH 2.7, into tubes containing 1/10 of the fraction volume of 2 M Tris, pH 8.0. Positive fractions identified by their A 280 values were then pooled, the elution buffer was exchanged for binding buffer containing 0.05% sodium azide using Microcon 50 filters (Millipore, Schwalbach, Germany) as per the manufacturer's instructions, and the purified antibodies were stored at 4°C. The protein content of the antibody solutions was determined using the Bradford protein assay as described previously (Lee et al., 2005) , using bovine serum albumin as a standard.
Statistical Analyses
Representative data or means Ϯ S.E.M. are shown. Statistical analysis using unpaired Student's t test was carried out with Sigma Plot 8.0 (SPSS Inc., Chicago, IL). For more than two groups, one-way ANOVA was used assuming equality of variance with Levene's test and Tukey post hoc test for pair-wise comparison with SPSS 11.0. Results with P Յ 0.05 were considered to be statistically significant.
Results
Reverse Transcriptase-Polymerase Chain Reaction of Rat Megalin. To assay for expression of megalin by WKPT-0293 Cl.2 cells under conditions of high specificity, nested PCR was performed, using two pairs of primers. Although after 30 cycles of the first reaction no PCR product could be detected, the second reaction yielded only one band of the expected size of 401 bp, as predicted from the corresponding GenBank sequence (Fig. 1) . The RT-PCR product was verified to be the rat megalin amplificate by sequencing. No bands were detected in reactions with the RT control reaction without reverse transcriptase or with H 2 O (negative controls). These results show that mRNA encoding rat megalin is present in the cell line WKPT-0293 Cl.2 derived from the S1 segment of rat proximal tubule and confirm previous studies demonstrating megalin expression in cultured rat kidney proximal tubule cells (Kanalas and Hopfer, 1997) .
Immunofluorescence Labeling of Rat Megalin. As shown in Fig. 2A after addition of polyclonal sheep anti-rat megalin antiserum (1:2000; 22°C), punctate surface labeling of megalin was observed, indicating that WKPT-0293 Cl.2 cells express megalin at their surface. In contrast, in the absence of primary antibody, only background fluorescence was observed (Fig. 2B) . Furthermore, we found partial colocalization of megalin with the angiotensin receptor subtype 1, which is expressed on the apical cell side of WKPT-0293 Cl.2 cells (Kolb et al., 2004) . The focus of fluorescence of both the angiotensin receptor subtype 1 and megalin was near the apical cell border, whereas there was little fluorescence at the base of the cells (data not shown). Interestingly, in permeabilized cells, megalin staining was enhanced compared with nonpermeabilized cells, suggesting that megalin is also expressed intracellularly (data not shown). To avoid internalization of primary antibodies, surface labeling of live cells 
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Kinetics and Concentration Dependence of Metallothionein-1 Uptake into WKPT-0293 Cl.2 Cells. To monitor metallothionein-1 uptake into proximal tubule cells, rabbit metallothionein-1 was coupled to Alexa Fluor 488, and the concentration dependence (Fig. 3A) and kinetics (Fig. 3B) of Alexa Fluor 488-conjugated metallothionein-1 were monitored by fluorescence microscopy. When exposed to different concentrations of metallothionein-1 for 24 h, uptake increased as a function of the metallothionein-1 concentration and approached saturation at approximately 15 M (Fig.  3A) . This concentration (14.3 M) was selected to determine the time course of metallothionein-1 uptake. Figure 3B shows a linear increase of metallothionein-1 uptake over time up to 48 h. These data extend a previous study with WKPT-0293 Cl.2 cells, in which uptake of metallothionein-1 had been determined with a polyclonal antibody against metallothionein-1 and metallothionein-2 (Erfurt et al., 2003) .
Effect of RAP on Alexa Fluor 488 Metallothionein-1 Uptake into WKPT-0293 Cl.2 Cells. When proximal tubule cells where preincubated with 1 M RAP for 15 min and exposed to 14.3 M Alexa Fluor 488-conjugated metallothionein-1 for 24 h in the continuous presence of 1 M RAP, uptake of metallothionein-1 was significantly attenuated by 30.9 Ϯ 6.6%, compared with controls (P Ͻ 0.01; n ϭ 4) (Fig.  4) . These data suggest that uptake of Alexa Fluor 488-conjugated metallothionein-1 is at least in part mediated by the endocytic receptor megalin expressed on WKPT-0293 Cl.2 cells. Thus, the WKPT-0293 Cl.2 cell line appeared suitable to study the role of megalin in cadmium-metallothionein-1-induced cell death.
Effect of RAP on Cadmium-Metallothionein-1-Induced Cell Death of WKPT-0293 Cl.2 Cells. After 24-h exposure with 7.14 M cadmium-metallothionein-1 (50 M Cd 2ϩ and 7.14 M metallothionein-1), 45.7 Ϯ 2.8% of proximal tubule cells were viable as determined by the MTT assay (Fig. 5) . The addition of the megalin ligand RAP (1 M) significantly increased cell viability to 68.4 Ϯ 3.4% (n ϭ 5). In other words, cell toxicity was reduced by 41.0 Ϯ 7.6%, suggesting that RAP binding to the megalin receptor prevents internalization and subsequent toxicity of cadmium-metallothionein-1. The magnitude of the effect of 1 M RAP on reduction of cell death is comparable with that observed for inhibition of albumin uptake in OK cells by RAP (Zhai et al., 2000) . In contrast, RAP had no significant effect on cell viability of the metallothionein-1 controls (Fig. 5) .
Effect of Anti-Megalin IgG on Cadmium-Metallothionein-1-Induced Cell Death of WKPT-0293 Cl.2 Cells. To confirm the contribution of megalin receptor-mediated endocytosis of cadmium-metallothionein-1 to cytotoxicity of WKPT-0293 Cl.2 cells, a functional sheep anti-rat megalin antiserum that interferes with ligand binding to megalin was tested. In preliminary experiments, cells were preincubated for 30 min with anti-rat megalin antiserum (dilution 1:100) or with the respective protein concentration of sheep serum used as a negative control and then coincubated for 24 h with 7.14 M cadmium-metallothionein-1 before measuring cell viability with the MTT assay. These experiments indicated that sheep serum increased viability of cells incubated with 7.14 M cadmium-metallothionein-1 to the same extent as sheep anti-rat megalin antiserum, suggesting that protein components present in both sera interfere with cadmiummetallothionein-1 binding to megalin. As a consequence, both control sheep IgG and specific anti-rat megalin IgG were affinity-purified using protein G-Sepharose, and 400 g/ml of the respective purified IgG (Moestrup et al., 1993; Zhai et al., 2000) was applied to cells that were exposed to 7.14 M cadmium-metallothionein-1 30 min later. After 24 h of coincubation with 7.14 M cadmium-metallothionein-1 and sheep IgG, cell viability of proximal tubule cells was 35.6 Ϯ 3.9% of metallothionein-1 controls (n ϭ 5). Anti-rat megalin IgG significantly increased cell viability to 74.8 Ϯ 3.6% (P Ͻ 0.01; n ϭ 5) (Fig. 6) ; that is, cytotoxicity was significantly reduced by 61.6 Ϯ 3.4% (Fig. 6 ). This indicates that anti-rat megalin IgG interferes with internalization of cadmium-metallothionein-1 that is mediated by the megalin receptor. Surprisingly, compared with cadmium-metallothionein-1 alone, coincubation of cadmium-metallothionein-1 with sheep IgG decreased cell viability from 58.4 Ϯ 3.1% versus 35.6 Ϯ 3.9%, suggesting that sheep IgG may enhance cadmi- 5 . Effect of RAP on cadmium-metallothionein-1 cytotoxicity. Cells were preincubated for 15 min without or with 1 M RAP alone and then coincubated with 7.14 M metallothionein or cadmium-metallothionein-1 (50 M Cd 2ϩ , 7.14 M metallothionein-1) for a further 24 h. Cell viability was then assayed using the MTT test as described under Materials and Methods. Means Ϯ S.E.M. of five experiments are shown. ‫,ءء‬ significant difference (P Ͻ 0.01) between RAP-free and -treated cells using unpaired Student's t test.
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Evidence for Cubilin Expression and Involvement in Cadmium-Metallothionein-1-Induced Cell Death of WKPT-0293 Cl.2 Cells. Megalin and cubilin are coexpressed on the apical membrane and along the endocytic and recycling pathways of kidney proximal tubule cells and apparently interact in the uptake of ligands, such as RAP (Hammad et al., 1999; Christensen and Birn, 2001) . Hence, internalization of cadmium-metallothionein-1 and subsequent cell death could also be mediated by cubilin. Thus, we first assayed for expression of cubilin in WKPT-0293 Cl.2 cells by RT-PCR using a rat cubilin-specific primer pair. After 35 cycles of PCR, one band of the expected size of 206 bp was detected, as predicted from the corresponding GenBank sequence (Fig. 7A) . No bands were detected in reactions with the RT control reaction without reverse transcriptase or with H 2 O. Protein expression of cubilin was demonstrated by live immunofluorescence imaging (Fig. 7B) and immunoblotting (Fig. 7C) . As shown in Fig. 7B , after addition of polyclonal rabbit anti-rat cubilin antiserum (1:50), punctate surface labeling of cubilin was observed indicating that WKPT-0293 Cl.2 cells express cubilin at their surface. In contrast, in the absence of primary antibody, only background fluorescence was observed (data not shown). Similar results were also obtained by incubating at 4°C (data not shown). Moreover, immunoblotting WKPT-0293 Cl.2 cell lysates yielded a single band of approximately 460 kDa (Fig. 7C) , thus confirming cubilin protein expression by an independent technique. Transferrin is known to bind exclusively to cubilin (Kozyraki et al., 2001) . Hence, to test for cubilin involvement in cadmium-metallothionein-1-induced cell death of proximal tubule cells, we have coincubated WKPT-0293 Cl.2 cells with an approximately equimolar concentration of apo-transferrin and cadmium-metallothionein-1 or metallothionein-1 for 24 h and studied its effect on cell viability with the MTT assay. Interestingly, apo-transferrin (5 M) significantly increased cell viability from 43.6 Ϯ 2.5% (of metallothionein-1 controls) with 7.14 M cadmium-metallothionein-1 alone to 58.3 Ϯ 2.6% when cadmium-metallothionein-1 was coincubated with apo-transferrin (n ϭ 4; P Ͻ 0.01) (Fig. 7D) , i.e., cytotoxicity was significantly reduced by 26.2 Ϯ 1.8%. This indicates that cadmium-metallothionein-1 uptake and cytotoxicity are partly mediated by an interaction of cadmiummetallothionein-1 with cubilin and that the inhibitory effect of RAP on Alexa Fluor 488-conjugated metallothionein-1 uptake (Fig. 4) and cadmium-metallothionein-1-mediated cell death of WKPT-0293 Cl.2 cells (Fig. 5) may be due at least in part by an interaction of RAP with cubilin.
Discussion
The majority of Cd 2ϩ accumulating in the kidney is found localized in the proximal tubule (Felley-Bosco and Diezi, 1989) . The Cd 2ϩ species, which mainly contributes to Cd 2ϩ accumulation in vivo, is still unclear. Whereas practically nothing is known about the basolateral uptake pathways for Cd 2ϩ , several mechanisms have been proposed to contribute to apical Cd 2ϩ uptake: Cd 2ϩ could be taken up as a free ion through yet unknown transport pathways, which most likely involve molecular mimicry (Bridges and Zalups, 2005) . However, it is more likely that Cd 2ϩ is taken up as a complex, e.g., with glutathione, possibly via a cystine transporter (Bridges and Zalups, 2005) . In addition, cadmium-metallothionein-1, which is released from hepatic cells into the circulation, is small enough to be freely filtered by the glomerulus and then taken up by proximal tubule cells (Klaassen et al., 1999) . Indeed, proximal tubule cells are affected by cadmium-metallothionein-1 but not by free Cd 2ϩ in vivo (Dorian et al., 1995; Sabolic et al., 2002) . Hence, to gain greater insight into the mechanisms of Cd 2ϩ nephrotoxicity, the mechanisms of cadmium-metallothionein-1 uptake by a rat cell line derived from the S1 segment of kidney proximal tubule were investigated in more detail.
Megalin, an apical membrane protein in proximal tubule cells, is a receptor involved in the reabsorption of filtered proteins (Christensen and Birn, 2001) , and it has been shown previously in vivo that s.c. injection of cadmium-metallothionein-1 resulted in internalization of apical megalin into vesicular structures (Sabolic et al., 2002) , whereas in vitro studies have demonstrated direct binding of metallothionein-1 to megalin (Klassen et al., 2004) . The results of the present study support the hypothesis that megalin mediates cadmium-metallothionein-1 internalization. First, we demonstrated by RT-PCR that the WKPT-0293 Cl.2 cell line indeed expresses megalin (Fig. 1) . This confirms previous studies with immortalized cell lines derived from the S1 segment of rat proximal tubule (Kanalas and Hopfer, 1997) . Moreover, we observed by immunofluorescence microscopy that megalin is expressed both at the surface of proximal tubule cells (Fig. 2) and intracellularly (data not shown). RAP, a ligand for megalin (Moestrup et al., 1996) , reduced both Alexa Fluor 488-conjugated metallothionein-1 uptake Fig. 6 . Effect of anti-megalin IgG on cadmium-metallothionein-1 cytotoxicity. Cells were preincubated for 30 min without or with 400 g/ml affinity-purified IgG from control (sheep IgG) or anti-megalin sheep serum and then coincubated with 7.14 M metallothionein-1 or cadmiummetallothionein-1 (50 M Cd, 7.14 M metallothionein-1) for another 24 h. Cell viability was then assayed using the MTT test as described under Materials and Methods. Means Ϯ S.E.M. of five experiments are shown. ‫,ءء‬ significant difference (P Ͻ 0.01) between control IgG and anti-megalin treated cells using one-way ANOVA.
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at ASPET Journals on July 13, 2017 jpet.aspetjournals.org (Fig. 4) and cadmium-metallothionein-1-mediated cell death (Fig. 5) . Moreover, a functional IgG antibody against rat megalin increased cell viability in the presence of cadmiummetallothionein-1 (Fig. 6) . Hence, this study demonstrates for the first time that cell death induced by internalization of cadmium-metallothionein-1 is caused by megalin-dependent endocytosis of the cadmium-metallothionein-1 complex. Several mechanisms could underlie the decrease of cytotoxicity mediated by cadmium-metallothionein-1 when coincubated with RAP or anti-megalin antibody. The ligands applied may compete with cadmium-metallothionein-1 for binding, and/or they may induce internalization of megalin receptors, thus limiting the availability of megalin receptors on the cell surface for cadmium-metallothionein-1. Irrespective of the mechanism underlying the decrease of cytotoxicity observed the conclusion from the data presented is that cadmiummetallothionein-1 internalization and cytotoxicity of proximal tubule cells are megalin-dependent.
The experiments with RAP, however, do not exclude the possibility that internalization of cadmium-metallothionein-1 also involves cubilin-mediated endocytosis of the protein-metal complex. RAP is also a ligand for cubilin (Hammad et al., 1999) , another multiligand endocytic receptor closely associated with megalin in the apical membrane of proximal tubule cells (Hammad et al., 1999) . Although some ligands, such as albumin, bind to both receptors (Zhai et al., 2000) , others, such as ␤2-microglobulin, bind exclusively to megalin (Orlando et al., 1998) . Transferrin, on the other hand, exclusively binds to cubilin (Kozyraki et al., 2001) . Klassen et al. (2004) have demonstrated that cubilin antisera prevent uptake of fluorescently labeled metallothionein into megalin and cubilin expressing rat yolk sac BN-16 cells and A punctate surface expression of cubilin is only seen with anti-cubilin antibody but not in the negative control (data not shown). Bar, 40 m. C, cubilin protein immunoreactivity in WKPT-0293 Cl.2 cells. Homogenate from WKPT-0293 Cl.2 cells was separated under nonreducing conditions by SDS-polyacrylamide gel electrophoresis on a 5% acrylamide gel. The blot was incubated with anti-rat cubilin antiserum (1:1000). A characteristic signal centered at ϳ460 kDa was detected. The exposure time was 3 min. Sizes (in kilodaltons) of molecular mass markers are indicated on the left. D, effect of apo-transferrin on cadmium-metallothionein-1 cytotoxicity. Cells were preincubated for 30 min without or with 5 M apo-transferrin and then coincubated with 7.14 M metallothionein-1 or cadmium-metallothionein-1 (50 M Cd 2ϩ , 7.14 M metallothionein-1) for another 24 h. Cell viability was then assayed using the MTT test as described under Materials and Methods, and MTT absorbance of metallothionein-1 controls without and with apo-transferrin were each set to 100%. Means Ϯ S.E.M. of four experiments are shown. ‫,ءء‬ significant difference (P Ͻ 0.01) between cadmium-metallothionein-1 treated cells without and with apo-transferrin using unpaired Student's t test.
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at ASPET Journals on July 13, 2017 jpet.aspetjournals.org therefore could not rule out a role of cubilin in metallothionein uptake. Yet, in the same study, surface plasmon resonance experiments showed no binding of metallothionein peptides to cubilin, and cubilin antisera only marginally reduced binding of fluorescently labeled metallothionein to rat renal cortex brush-border membrane vesicles arguing against an involvement of cubilin (Klassen et al., 2004) . In the present study, we first showed that WKPT-0293 Cl.2 cells also express cubilin at the mRNA (Fig. 7A ) and protein level (Fig. 7C) and that cubilin is located at the surface of proximal tubule cells (Fig. 7B) . To test for cubilin involvement in cadmium-metallothionein-1-induced cell death of proximal tubule cells, we coincubated WKPT-0293 Cl.2 cells with equimolar concentrations of apo-transferrin and cadmiummetallothionein-1. The data indicate that apo-transferrin partially reduces cadmium-metallothionein-1-induced cytotoxicity although to a smaller extent than RAP or anti-megalin antibody (Fig. 7D) . This may support the observation made by others that some protein ligands are internalized via both receptors (for review, see Christensen and Birn, 2001 ). Yet, it does not contradict the conclusion that cadmium-metallothionein-1 uptake and cytotoxicity are megalindependent because it has previously been shown that megalin deficiency causes failure in internalization of cubilin-ligand complexes, indicating that cubilin-mediated internalization is itself megalin-dependent (Kozyraki et al., 2001) .
Approximately 50% of Alexa Fluor 488-conjugated metallothionein-1 uptake (Fig. 4) and cadmium-metallothionein-1-mediated cell death (Figs. 5 and 6) were not blocked by RAP or anti-megalin IgG. It is therefore possible that, additionally, either megalin-and cubilin-independent, clathrin-mediated endocytosis or fluid-phase endocytosis pathways are involved in internalization of cadmium-metallothionein-1 by WKPT-0293 Cl.2 cells.
The cell death induced by cadmium-metallothionein-1 at 24 h (Figs. 5 and 6) is higher than described previously (Erfurt et al., 2003) . This can be accounted for by the facts that serum-free medium and 10 times higher cadmium-metallothionein-1 concentrations were used in the present study. Once cadmium-metallothionein-1 has been endocytosed, we assume that it is transported through endosomal pathways to lysosomes, where the metallothionein-1 moiety is degraded by acidic proteases (Thévenod, 2003) . Although no proof for this mechanism is available so far, recent data from our laboratory have demonstrated that DMT1 is expressed in late endosomes and lysosomes of both rat kidney cortical proximal tubule cells and the WKPT-0293 Cl.2 cell line (Abouhamed et al., 2006) . DMT1 is known to function as an H ϩ -coupled transporter of a range of divalent transition metal ions, including Cd 2ϩ and lead (Gunshin et al., 1997; Bressler et al., 2004) . This indication suggests that a crucial step in the cascade of events leading to cellular toxicity induced by cadmium-metallothionein-1 should be the release of free Cd 2ϩ from acidic late endosomes/lysosomes into the cytosol (Thévenod, 2003) . Increased cytosolic Cd 2ϩ then would lead to mitochondrial damage and cell death by apoptosis (Lee et al., 2005) . Ongoing experiments in the laboratory are aimed at providing direct evidence for a key role of late endosomal/lysosomal DMT1 in mediating cadmium-metallothionein-1-induced cell death in proximal tubule cells.
In summary, we provide evidence that internalization of cadmium-metallothionein-1 by cultured cells derived from the S1 segment of proximal tubule cells is partly mediated by megalin-dependent endocytosis and that inhibition of this megalin-dependent process by RAP, anti-megalin IgG, or the cubilin ligand apo-transferrin significantly attenuates cadmium-metallothionein-1-induced death of proximal tubule cells.
